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Programmed cell death or apoptosis is a physiological process that contributes to the homeostasis of multi-cellular organisms and maintains the balance between cell proliferation and cell death. The survival of nucleated mammalian cells depends on the constant repression of their self-destruction program by signals provided by other cells (1, 2) . Mature erythrocytes, like nucleated cells share the capacity to self-destruct at the end of a 120-day life span or in response to environmental signals. It is therefore likely that erythrocyte survival, lifespan, and death are tightly regulated as in other cells. While the process of apoptosis has been studied in depth in nucleated cells, the role of apoptotic regulatory molecules in enucleated cells such as platelets and erythrocytes is poorly understood.
Although the presence of aspartate proteases has been documented for both cell types (3, 4) , the function of these proteases, if any, in red cell physiology is just beginning to be appreciated. The terminal steps of apoptosis in nucleated cells involve the proteolytic activation of a family of aspartate-directed cysteine proteinases, the best studied being the caspases. Activation of the effector caspases may occur by the engagement of death receptors (5) . In addition, most apoptotic stimuli turn on a mitochondrion-dependent pathway (6) (7) (8) . Mature erythrocytes are terminally differentiated and lack mitochondria as well as nucleus and other organelles. Yet erythrocyte senescence shares features common to apoptosis in nucleated cells, such as the externalization of phosphatidylserine (PS) on the outer leaflet of the cells. Erythrocytes were until recently considered to lack pathways that have been traditionally linked to activation of the apoptotic machinery in eukaryotic, nucleated cells. However, recent studies have pointed in a direction indicating that part of the machinery that is associated with execution of apoptosis in nucleated cells, not only exists in the mature human erythrocyte, but is likely to be of physiological significance. We have demonstrated that oxidative stress (9) and erythrocyte aging (10) lead to stimulation of caspase 3 and caspase 3-mediated degradation of band 3 . Apoptotic signaling pathways that lead to caspase 3 activation in various cell types can be subdivided into two major categories: extrinsic and intrinsic. In the extrinsic pathway, apoptotic signals are initiated by cell surface death receptors exemplified by Fas, also known as CD95 or APO-1, leading to the caspase 8-dependent activation of effector caspases such as caspase 3. Fas is widely expressed. Upon binding to FasL, Fas recruits a cytosolic adapter protein, Fas-associated death domain (FADD), which in turn, recruits procaspase 8 and forms the death inducing signaling complex (DISC) (11, 12) . Recruitment of procaspase 8 to the DISC results in activation and release of active caspase 8 which directly activates caspase 3 and initiates cell death (13 
Separation of red blood cells on Percollbovine serum albumin(BSA) gradients-
Density-dependent separation of red cells was performed as described by Corsi et al. (14) with slight modifications. Briefly, the plasma was removed and erythrocytes were washed three times with 10 mM sodium phosphate (pH 7.4), 150 mM NaCl, 5 mM glucose (PBSG buffer), and layered at 25% hematocrit on a discontinuous Percoll (55-85%, v/v)-BSA gradient followed by centrifugation at 1,500 x g for 20 min at 20 °C. Young and aged erythrocytes were collected separately and washed in PBSG buffer.
Measurement of reactive oxygen species (ROS)
-ROS produced within erythrocytes was detected with the membrane-permeable probe DCFH-DA. The probe freely enters the cell and is incorporated into hydrophobic regions. The acetate moiety is cleaved off by cellular esterases leaving a nonfluorescent and impermeable form of DCFH (15) . ROS produced by cells oxidizes DCFH to fluorescent dichlorofluorescein (DCF). Erythrocytes were incubated with 100 µM DCFH-DA in PBS for 30 minutes at 37 0 C, prior to application of stress. Fluorescence was monitored using an excitation wavelength of 485 nm and an emission wavelength of 538 nm (16 (17) . Briefly, NBD-PS was reconstituted in 5 mM HEPES, pH 7.5, 14 mM NaCl, 5 mM KCl, 1 mM MgCl 2 and 10 mM glucose (buffer C). The lipid was added to a final concentration of 1 µM to erythrocytes, incubated on ice for 5 min in buffer C, followed by incubation at 37 o C for 1 h. 100 µl aliquots were removed at different time intervals and added to 1 ml of cold buffer B containing 1% fatty acid-free BSA in order to extract NBD-PS present in the outer leaflet. Fluorescence associated with the supernatant was measured in a spectrofluorimeter at an excitation wavelength of 472 nm and an emission wavelength of 534 nm. Determination of annexin binding to red cells-Labeling with annexin-fluos was performed using the Annexin-fluos kit from Roche Applied Sciences according to the manufacturer's instructions. Data acquisition was performed on a Becton-Dickinson FACS caliber flow cytometer, and analysis was done with Cell Quest software. 10,000 events per sample were acquired to ensure adequate mean fluorescence levels. The percentage of annexin V-positive erythrocytes was determined from the fluorescence signal in excess of that obtained with a negative (unlabeled) control which was run in each case. Isolation of lipid rafts from erythrocyte ghosts-Erythrocyte ghosts were prepared from young, aged or oxidatively stressed cells separated on Percoll-BSA gradients as described above. Detergent-resistant membrane (DRM) fractions were isolated from ghosts according to the method of Samuel et al. (18) with some modifications. Briefly, ghosts from 2x 10 9 cells were extracted at 4 o C in 1.5 ml of TBS containing 1% Triton X-100, protease inhibitors and 1 mM EDTA, and subjected to sucrose flotation gradient. After 30 min at 4 o C, the extract was mixed with an equal volume of 80% (w/v) sucrose, overlaid with 30% (w/v) sucrose and 5% sucrose, and subjected to ultracentrifugation in an AH-629 rotor (Sorvall) at 27, 000 r.p.m. for 3 h at 4 0 C. The top 4 ml was collected as the first fraction. Proceeding down the gradient, fractions 2-6 were collected as 3 ml aliquots. Samples were precipitated with chilled acetone and 40 µg of each protein sample was separated by SDS-PAGE, followed by Western blotting with different antibodies. Cholesterol depletion of erythrocytes-"Lipid rafts" are now widely accepted as membrane microdomains enriched in sphingolipids and cholesterol (19, 20) . Cyclodextrins selectively extract cholesterol and disrupt membrane rafts (21 (25) . In spite of some controversy over the years, the dense fraction of circulating red cells are widely accepted to be enriched in aged erythrocytes (26) . Therefore, for the purpose of this study, the dense fraction of red cells (density higher than 1.1 g/ml) will be referred to as aged (or old) red cells, and the fraction with a density lower than 1.082 g/ml will be referred to as young red cells. Our previous observations had demonstrated that active caspase 3 is present in old red cells, whereas it could not be detected in young cells (10) . Since erythrocytes are devoid of mitochondria, a mitochondria-independent pathway of caspase 3 activation appeared possible.
We therefore considered the possibility that caspase 3 activation could be preceded by formation of a "death-inducing signaling complex (DISC)-like" assembly involving a death receptor, followed by caspase 8 activation. This was further explored as a likelihood since caspase 8 and the death receptor Fas have been shown to play an important role in erythroid development (27) . The cleaved 43/41 kDa caspase 8 band could be detected by Western blotting in old, but not in young red cells (Fig.1A) . Activity assay using the substrate Ac-IETD-AFC showed a 3-to 4-fold increase in proteolytic activity in old cells compared to young cells over three independent sets of experiments.
Association of Fas with FADD and caspase 8-
In order to analyze whether caspase 8 activation is associated with formation of complexes involving death receptors and death-linked adapter proteins, coimmunoprecipitation experiments were performed. Red cell lysates were immunoprecipitated with anti-Fas antibody, followed by Western blotting either with anti-caspase 8 or with anti-FADD antibody. Both caspase 8 and FADD were found in the immunoprecipitates from old cells (Fig. 1B) , but not from the young cells. In addition, FasL was also found to associate with Fas in old cells (Fig. 1B) . The association of caspase 8 with Fas was further confirmed by confocal microscopy. Fas was present in the plasma membrane, whereas caspase 8 displayed punctate staining in the cytosol of young cells (Fig. 2A) . However, caspase 8 translocated to the membrane in old cells. Merging of the images suggested that caspase 8 colocalizes with Fas in patches observed in old cells (Fig. 2B) (28, 29) .
The deathinducing signaling complex is recruited into rafts during Fas-induced apoptosis (24) . Detergent-resistant membrane (DRM) rafts have been demonstrated in the mature human erythrocyte (18, 30) , and shown to regulate erythrocyte β 2 -adrenergic receptor and guanine nucleotide-binding protein (Gαs)-dependent signaling (31) . Considering that translocation of Fas into lipid rafts generates death-inducing signaling platforms (32) and that clusters of Fas were observable in old cells by confocal microscopy, we asked the question whether Fas translocates into membrane rafts in the aged red cell. The consistent localization of Gαs in erythrocyte rafts is documented (18, 30) . Confocal microscopy showed that the Fas clusters observed in old cells colocalized with Gαs (Fig. 3A) . However, no colocalization of Fas with Gαs was observed in young cells (Fig. 3B) . Further, DRM lipid rafts were isolated by discontinuous sucrose density gradient centrifugation (33) . Fractions from the gradient were analyzed by SDS-PAGE and Western blotting. The position of the raftassociated proteins in the gradient was determined by the presence of Gαs and the glycosylphosphatidylinositol-anchored protein CD59 which were enriched in the upper part of the sucrose gradient (fraction 2) with a secondary localization at the bottom of the gradient (fraction 6) (Fig. 4) , in accordance with the observations of Samuel et al. (18) and Murphy et al. (30) , indicating a separation of lipid rafts from the Triton X-100 soluble membranes (30) . Using a specific anti-Fas antibody, we found that Fas was localized in the bottom fraction of the gradient in untreated, young red cells (Fig. 4B) whereas it was recruited into the top (lightest) fractions in aged cells where it cofractionated with the raft markers Gαs and CD59 (Fig. 4A) . We also found that FasL, FADD and procaspase 8 were recruited in the same light fractions (as the raft markers) in aged cells (Fig. 4A) . However, in our experimental system, it was not possible to address the question whether Fas is recruited first into the rafts, before recruitment of other death-inducing molecules, as is the case of anti-CD3-stimulated T cells (24) . MβCD-mediated cholesterol depletion is known to disrupt lipid rafts. Incubation of aged erythrocytes with MβCD resulted in a randomization of the distribution of Fas, FADD, caspase 8 and FasL, and a shift to the heavier fractions (Fig. 4C) . This data favored our notion that Fas, FADD, caspase 8 and FasL localize to rafts in aged erythrocytes. Our results demonstrate that events in the lifespan of the circulating erythrocyte trigger the movement of these molecules into distinct microdomains in aged, red cells. Reactive oxygen species (ROS) in aged red cells-Since ROS has been extensively documented to be linked to "death" signaling in a variety of cell types (24), we investigated whether ROS could be detected in aged red cells The oxidation of 2', 7'-DCFH-DA has been used in many laboratories to detect cellular radical generation. We used this approach to measure reactive oxygen species (ROS) in aged cells by measuring DCF in aged cells by fluorimetry.
A >3-fold increase in ROS was observed in aged cells compared to young cells (Fig. 5A ) .
The oxidatively stressed red cell as a modelSince aged red cells represent the terminal state of the mature erythrocyte in its lifespan, and are not amenable to manipulation, we needed a model to validate some of our hypotheses. Considering that it appeared likely that ROS could be playing a role, we chose the oxidatively stressed red cell as our model. Treatment of cells with t-BHP (2 mM) or Ph-hyz (2 mM) led to an increase in ROS production over untreated, young cells comparable to that observed in aged cells (Fig. 5A) . Our previous studies have documented that t-BHP-treated red cells showed caspase 3 activation (9). The caspase 3 activity observed in aged cells was also comparable to that observed in t-BHPtreated cells (Fig. 5C) . We therefore chose t-BHP-treated red cells as our model for further studies aimed at determining the causal involvement of caspase 8 in caspase 3 activation in red cells.
Caspase 8 activation is upstream of caspase 3 activation in oxidatively stressed red cells-
Western analyses showed the appearance of a 43/41 kDa band (Fig. 1A) in stressed , but not in control cells, suggesting that oxidative stress is associated with caspase 8 activation. IETDase activity measured by AFC release was also consistently more than five-fold higher in oxidatively stressed cells compared to untreated cells (data not shown). Pretreatment of cells with NAC or z-IETD-FMK, resulted in abrogation of oxidative stress-induced caspase 8 (Fig. 1A) . Since calpeptin had no effect on caspase 8 activation (Fig. 1A) , the involvement of calpain in oxidative stress-induced caspase 8 activation was ruled out. In order to investigate whether caspase 8 activates caspase 3 in oxidatively stressed cells, cells were pretreated with cell-permeable caspase inhibitors prior to t-BHP treatment and Western blotting to assess caspase 3 activation. Caspase 3 activation was inhibited specifically by the caspase 3-and caspase 8-specific inhibitors z-DEVD-FMK and z-IETD-FMK respectively, but not by the caspase 9 inhibitor z-LEHD-FMK (Fig.  5B) , suggesting that caspase 8 was likely the upstream protease involved in caspase 3 cleavage. Caspase 3 activity was also assayed using the substrate Ac-DEVD-pNA. Inhibition of activity by z-DEVD-FMK and z-IETD-FMK but not by z-LEHD-FMK (Fig. 5D ) corroborated the observation that caspase 3 is activated in a caspase 8-dependent manner in oxidatively stressed cells. Considering that Ca 2+ influx has been implicated in erythrocyte apoptosis (34) , young cells were loaded with CaCl 2 and the ionophore A23187 prior to assessing caspase 3 activation. No increase in caspase 3 activity was observed by Western blotting (Fig. 5B) or DEVDase activity assay (Fig.  5C ), suggesting that Ca 2+ does not play a role in caspase activation. Calpeptin pretreatment did not influence caspase 3 activation (Fig. 5B and D (Fig. 1B) , suggesting that a Fas-associated complex is formed following exposure of red cells to agents generating ROS. This complex could not, however, be detected in cells treated with the thiol-reactive reagents diamide and NEM, suggesting that ROS generation was specifically required for formation of the Fas-associated complex. FasL was also recruited in this complex, as evidenced by the fact that it could be coimmunoprecipitated with Fas. In harmony with these observations, Fas, FasL, FADD and procaspase 8 were recruited in the detergent-resistant raft fractions mirroring their distribution in aged cells (Fig. 4D) .
Oligomerization of Fas in aged and in t-BHP-treated cells-
The presence of proteins in rafts, favors their self-association (35, 36) .
The formation of higher order oligomers of Fas has been reported to be associated with death signaling. We analyzed the oligomerization of Fas by incubating red cells with the thiol-cleavable crosslinker DTSSP for 30 min. After terminating the crosslinking reaction, samples were immunoprecipitated with antiFas antibody, separated by 7.5% SDS-PAGE under reducing and non-reducing conditions, electrotransferred onto PVDF membranes and immunoblotted with antiFas antibody. High molecular mass bands (70 to 200 kDa) appeared in non-reducing gels in both aged and t-BHP-treated cells (Fig. 1C) (Fig. 3C) . However, at 10 o C, Fas did not colocalize with the raft marker Gαs (Fig. 3D ) consistent with the view that the translocation of Fas into rafts was possibly a prerequisite for formation of the Fas-associated complex, since FADD, caspase 8 and FasL could not be coimmunoprecipitated with Fas in cells treated with t-BHP at 10 o C (Fig. 1B) . Caspase 3 activity was also not detectable in these cells (Fig. 5C ).
ROS and active caspases regulate aminophospholipid translocase activity in erythrocytes in t-BHP treated cells-
Different phospholipid classes are asymmetrically distributed over the two halves of the lipid bilayer in erythrocytes (38) .
The choline phospholipids phosphatidylcholine (PC) and sphingomyelin (SM) are concentrated in the outer leaflet, whereas the aminophospholipids, phosphatidylethanolamine (PE) and phosphatidylserine (PS) are enriched in the outer leaflet (39) (40) (41) (42) . Oxidant-induced damage has been proposed to be the underlying mechanism for loss of membrane PS asymmetry in erythrocytes observed in diseases such as sickle cell disease, thalassemia, and diabetes; as well as in senescent erythrocytes (43) (44) (45) (46) . The ATPdependent aminophospholipid translocase transports PS and, to a lesser extent, PE from the outer to the inner leaflet of the plasma membrane against the concentration gradient, thereby compensating for any escape of PS or PE to the outer leaflet (47) (48) (49) . In contrast to the translocase, an ATPdependent non-specific outward movement ("flop") of phospholipids (50) and calciumdependent non-specific, bidirectional movement of phospholipids across the membrane, termed scrambling (51, 52) also occur in the red cell.
Impaired APLT activity and/or increased scrambling of phospholipids may contribute to loss of phospholipid asymmetry. Our own studies have demonstrated that oxidant-induced damage in erythrocytes, activates caspase 3, which inhibits the aminophospholipid translocase (APLT) leading to PS externalization and subsequent erythrophagocytosis (9) . Increased ROS generation has also been linked to impairment of APLT activity in sickle cell disease (53) . Taking these into consideration, we investigated whether oxidant-induced ROS generation and caspase 8 activation could be directly linked to APLT activity. APLT activity was significantly lower in cells treated with t-BHP or Ph-hyz (Fig. 5E ), compared to young, untreated cells. The activity in aged cells was comparable to that of t-BHPtreated cells (Fig. 5E) . The inhibition of APLT activity of red cells by t-BHP could be blocked in cells pretreated with NAC, or the caspase 8 inhibitor, z-IETD-FMK or the caspase 3 inhibitor z-DEVD-FMK (Fig. 5E ). Calpeptin could not block t-BHP-induced loss of APLT activity, ruling out the involvement of calpain in the caspasedependent inhibition of APLT. Concomitant with loss of APLT activity, t-BHP-treated cells and aged cells displayed comparable PS externalization (Fig. 5F ) as assessed by annexin binding. As expected, the proportion of PS-exposing cells diminished when cells were pretreated with NAC or z-DEVD-FMK or z-IETD-FMK prior to exposure to t-BHP (Fig. 5F ).
DISCUSSION
Until recently, the mature human erythrocyte was not considered to share any of the stimulus-triggered death signaling pathways that are associated with apoptosis in nucleated cells. However, although erythrocytes lack nuclei and mitochondria, they undergo some of the changes associated with apoptosis, such as membrane blebbing and exposure of PS. In recent years, several studies have demonstrated that triggers such as oxidative stress and osmotic shock lead to "apoptotic" features in the mature red cell. Some studies have focused on Ca 2+ -dependent processes in erythrocyte death (54) and PS externalization (55) . Our own studies have demonstrated that oxidative stress is associated with caspase 3-dependent impairment of APLT activity leading to PS externalization and erythrophagocytosis (9) , and that caspase 3 is activated in aged erythrocytes (10) . PS normally localizes to the inner leaflet of cell membranes. It is widely recognized that exposure of PS on the outer leaflet serves as a signal for removal of aged red cells from the circulation. It is a feature that the aged, enucleated mature human erythrocyte shares with nucleated cells undergoing apoptosis. PS-exposing red cell populations are associated with diseases such as sickle cell anemia (56), thalassemia (57-59) and chronic renal failure (60) . PS-exposing red cells found among the very high and very low-density fractions of sickle cells have been reported to share the feature of loss of APLT activity (59) . This was interpreted as evidence that mechanisms of PS exposure that are dependent on loss of APLT activity can be activated both at early stages of red cell maturation as well as during its life in the circulation. We have therefore investigated the events likely contributing to PS exposure in circulating, human red cells extending our previous observations that caspase 3 was activated under oxidative stress in red cells, that this was directly linked to impaired APLT activity (9) and that denser human red cells had detectable caspase 3 activity (10), unlike the lighter cells. Although death receptors have been extensively studied in other cells, their potential functions in erythroid cells have been investigated only recently. Fas is expressed at most stages throughout the maturation of the human erythroid cell, whereas FasL is expressed only by mature erythroblasts (27) . Under conditions of limiting erythropoietin, apoptosis of erythroid precursors is induced by activation of Fas mediated by FasL. De Maria et al. (27) have shown that maturation of erythroid cells is blocked by activation of the Fas/FasL system through caspase-dependent cleavage of GATA-1. However, the role of death receptors and caspases in the mature human erythrocyte, remains an unexplored area. Based on our observations of caspase 3 activation in the mature red cells, we pursued these investigations to explore whether this could occur in a death receptordependent manner. The denser (aged) fractions of red cells were found to harbor the cleaved form of caspase 8, strengthening the notion that the death receptor Fas could be a possible upstream player in this pathway. These views were supported by our observations that both the adapter protein FADD and caspase 8 were coimmunoprecipitated with Fas in aged, but not in young cells. Finally, in aged cells, Fas, FasL, FADD and caspase 8 were observed to localize in detergent-resistant membrane microdomains. Disruption of rafts resulted in a randomization of Fas, FasL, FADD and caspase 8 distribution in old cells. Membrane FasL and Fas have been reported to form supramolecular clusters preceding recruitment and activation of downstream signaling components (61, 62 (63) have demonstrated that ATP enrichment of the dense, aged red cell population could not cancel the differences in APLT activity between young and old cells. Connor et al. (25) have demonstrated that differences in ATP levels to the extent observed between young and aged red cells separated by the density-dependent method adopted by us, do not contribute to alterations in APLT activity (63) . Taking these reports into consideration, it appeared unlikely that the diminished APLT activity observed by us, could be attributed to diminished ATP levels. Intracellular Ca 2+ levels in young and in aged cells separated by density gradient centrifugation have been reported to be 8.4 and 31.2 nM respectively (64) . We also observed a four-fold increase in Ca 2+ levels in aged red cells compared to young cells (data not shown). Bitbol et al. (65) pretreatment of red cells with the caspase 8-or caspase 3-specific inhibitors or with NAC prior to application of oxidative stress, blocked the stress-induced inhibition of APLT activity, leading to the conclusion that caspase 8-dependent caspase 3 activation could negatively regulate APLT activity either through direct proteolytic cleavage of the APLT or through an indirect modulatory role involving intermediate regulators of the flippase. We have provided several lines of evidence suggesting that Fas-dependent signaling processes play a role in regulating PS externalization, one of the signals for red cell clearance from the circulation, by downregulating APLT in a caspasedependent manner. These experiments provide the first evidence of a role of death receptor-dependent signaling in the mature enucleated erythrocyte. It can perhaps now be claimed with some confidence that death signaling components which have an established role in erythropoiesis, are not merely bystanders which have been transferred to the mature human erythrocyte during development. They play a distinct role, at least under certain conditions, in regulating red cell survival.
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